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T r a n s o n i c f l o w o v e r a h a r m o n i c a l l y o s c i l l a t i n g a i r f o i l i s computed by s o l v i n g t h e two-dimensional E u l e r e q u a t i o n s i n i n t e g r a l form u s i n g t h e f i n i t e volume scheme.
The d i s s i p a t i o n t e r m s a r e c o n s t r u c t e d a c c o r d i n g t o t h e o r y of t o t a l v a r i a t i o n d i m i n i s h i n g schemes i n o r d e r t o o b t a i n good r e s o l ut i o n of shock f r o n t s .
N o n r e f l e c t i n g boundary cond i t i o n s have been u t i l i z e d i n t h e f a r f i e l d .
It i s s e e n t h a t t o t a l v a r i a t i o n d i m i n i s h i n g schemes a r e w e l l s u i t e d f o r u n s t e a d y f l o w problems, w h i l e t h e f i n i t e volume f o r m u l a t i o n a l l o w s a v e r y s i m p l e t r e a t m e n t of d e f o r m i n g meshes.

I n t r o d u c t i o n
The problem of u n s t e a d y t r a n s o n i c f l o w a b o u t o s c i l l a t i n g a i r f o i l s h a s r e c e i v e d c o n s i d e r a b l e a t t e n t i o n i n t h e l a s t decade.
Many of t h e numeric a l schemes f o r s o l v i n g u n s t e a d y problems a r e based on t h e t r a n s o n i c s m a l l d i s t u r b a n c e p o t e n t i a l e q u a t i o n , which i s e i t h e r l i n e a r i z e d w i t h r e s p e c t t o a s t e a d y f l o w o r i s s o l v e d d i r e c t l y .
B a l l h a u s and G o o r j i a n [ l ] have s o l v e d t h e n o n -l i n e a r s m a l l d i s t u r b a n c e p o t e n t i a l e q u a t i o n w i t h low f r e q u e n c y a p p r o x i m a t i o n u s i n g a n a l t e r n a t i n g d i r e c t i o n e x p l ic i t scheme.
To d e s c r i b e i n v i s c i d t r a n s o n i c f l o w c o r r e c t l y , t h e E u l e r e q u a t i o n s must be s o l v e d . The n u m e r i c a l s o l u t i o n of t h e E u l e r e q u a t i o n s s h o u l d p r o v i d e a n a c c u r a t e p r e d i c t i o n of t h e l o c a t i o n and s t r e n g t h of t h e s h o c k and t h e a s s o c i a t e d wave d r a g .
T h i s c a n b e p a r t i c u l a r l y i m p o r t a n t i n u n s t e a d y t r a n s o n i c f l o w , where t h e changes i n a n g l e of a t t a c k c a u s e t h e shock t o move a p p r e c i a b l y .
The u n s t e a d y E u l e r e q u a t i o n s have been s o l v e d by Magnus & Y o s h i h a r a [ 2 ] , L e r a t and S i d e s [ 3 ] and S t e g e r ( 4 1 . Magnus & Y o s h i h a r a [ 2 ] u s e d a f i n i t e d i f f e r e n c e scheme of t h e Lax-Wendroff t y p e . L e r a t and S i d e s [ 3 ] s o l v e d
. - t h e E u l e r e q u a t i o n s i n i n t e g r a l c o n s e r v a t i o n law f o r m by u s i n g t h e f i n i t e volume method of MacCormack.
S t e g e r [ 4 ] u s e d a n i m p l i c i t f i n i t e d i f f e r e n c e a c o n t i n u e s t o be a n e l u s i v e g o a l .
I t has l o n g been r e c o g n i z e d t h a t upwind d i f f e r e n c i n g can e l i m i n a t e s p u r i o u s o s c i l l a t i o n s i n t h e neighborhood of shock waves a t t h e e x p e n s e of low a c c u r a c y i n r e g i o n s where t h e f l o w i s smooth. C e n t r a l d i f f e r e n c e schemes, on t h e o t h e r hand, produce good s o l u t i o n s i n smooth r e g i o n s , b u t a r e p r o n e t o o s c i l l a t i o n s i n t h e neighborhood of shockwaves.
Stemming from t h e m a t h e m a t i c a l t h e o r y of s c a l a r c o n s e r v a t i o n l a w s [ 5 ] , H a r t e n p r o p o s e d t h e c o n c e p t of t o t a l v a r i a t i o n d i m i n i s h i n g (TVD) schemes [ 6 ] . H a r t e n a l s o d e v i s e d second o r d e r a c c u r a t e e x p l i c i t and i m p l i c i t TVD schemes, which i n c o r p o r a t e f l u x l i m i t e r s t o c o n t r o l t h e a c t i o n of a n a n t i -d i f f u s i v e t e r m [ 7 ] .
Jameson [ 8 ] h a s d e r i v e d a s e m i -d i s c r e t e TVD scheme f o l l o w i n g a s i m i l a r a p p r o a c h which i s o u t l i n e d i n t h e n e x t s e c t i o n . Van L e e r had e a r l i e r u s e d f l u x l i m i t e r s t o produce a second o r d e r a c c u r a t e scheme which would p r e s e r v e t h e monotonic i t y of an i n i t i a l l y monotone p r o f i l e (91. I m p o r t a n t c o n t r i b u t i o n s t o t h e t h e o r y of upwind schemes have a l s o been made by Roe [10, 11] and O s h e r 112,131.
Both have d e v i s e d second o r d e r a c c u r a t e upwind schemes u s i n g f l u x l i m i t e r s . Many of t h e i d e a s on f l u x l i m i t e r s have r e c e n t l y been u n i t e d by Sweby I n t h i s work, t h e u n s t e a d y E u l e r e q u a t i o n s a r e s o l v e d on a r e g u l a r q u a d r i l a t e r a l g r i d a b o u t a n a i r f o i l i n two d i m e n s i o n s . The f i n i t e volume scheme i n t h e form proposed by Jameson, Schmidt and T u r k e l [17] h a s been used. S e c t i o n 2 p r e s e n t s t h e s e m i -d i s c r e t e TVD scheme f o r t h e s c a l a r c o n s e rv a t i o n law.
The i n t e g r a l form of t h e E u l e r e q u a t i o n s f o r a moving mesh and t h e f i n i t e volume scheme a r e p r e s e n t e d i n S e c t i o n 3 . S e c t i o n 4 d e a l s w i t h t h e e x t e n s i o n of TVD schemes t o a s y s t e m of c o n s e r v a t i o n laws.
S e c t i o n 5 d i s c u s s e s t h e t i m e s t e p p i n g s t r a t e g y .
I n S e c t i o n 6 we d i s c u s s t h e boundary c o n d i t i o n s i n t h e f a r f i e l d and on t h e a i r f o i l .
F i n a l l y , S e c t i o n 7 p r e s e n t s t h e r e s u l t s f o r a v a r i e t y of one-dimensional problems and t h e o s c i l l a t i n g a i r f o i l . 
where di+l/2 is the dissipative flux.
hi+1/2 -2 and suppose that Let ri be the ratio of successive gradients
One can set --
gbere the function 4 satisfies the symmetry con- 
+ -
It can be verified that c i+1/2 a 0, c i-1/2 > 0, provided that can k > 1. The above scheme is only first order accurate in space.
A second order accurate TVD scheme can be derived by applying the sequence of operations defined by (3-6) to a corrected flux a s p o s s i b l e .
Each of t h e s e l i m i t e r s s a t i s f i e s t h e c o n d i t i o n s p r o p o s e d by Sweby (141.
The n u m e r i c a l f l u x e s t h e n become h i + 1 / 2 = f i + g i -(ai+1/2 -112 ai+l12) (ui+l-ui) 
.
S o l u t i o n Scheme f o r t h e Unsteady E u l e r E q u a t i o n s The u n s t e a d y f l o w s of a n i n v i s c i d f l u i d a r e g o v e r n e d by t h e E u l e r e q u a t i o n s ,
where H e r e , p, p, u , v and e a r e t h e p r e s s u r e , d e n s i t y , c a r t e s i a n v e l o c i t y components and t h e t o t a l e n e r g y . X t and y t a r e t h e v e l o c i t y components of t h e moving boundary an. F o r a p e r f e c t g a s we have t h e r e l a - 
I n o r d e r t o d e r i v e a s e m i -d i s c r e t e model which c a n be used t o t r e a t complex g e o m e t r i c domains
a s i l l u s t r a t e d i n F i g u r e 1. Assuming t h a t t h e indep e n d e n t v a r i a b l e s a r e known a t t h e c e n t e r of e a c h c e l l , a s y s t e m of o r d i n a r y d i f f e r e n t i a l e q u a t i o n s i s o b t a i n e d by a p p l y i n g e q u a t i o n (11) s e p a r a t e l y t o e a c h c e l l .
T h e s e have t h e form where S i , j i s t h e c e l l a r e a and Q i , j i s t h e n e t f l u x o u t of t h e c e l l . T h i s c a n be e v a l u a t e d a s h where f k and gk d e n o t e v a l u e s of t h e f l u x v e c t o r s f and g on t h e k t h edge, A and Ay a r e t h e i n c r ements of x and y a l o n g the%dge w i t h a p p r o p r i a t e s i g n s , and t h e sum i s o v e r t h e f o u r s i d e s of t h e c e l l .
The f l u x v e c t o r s a r e e v a l u a t e d by t a k i n g t h e a v e r a g e of t h e v a l u e s i n t h e c e l l s on e i t h e r s i d e of t h e edge.
F o r example where f i , j d e n o t e s f(Wi, j ) .
The mesh v e l o c i t i e s x t and y t a r e c a l c u l a t e d by t a k i n g t h e a v e r a g e v e l o c i t i e s of t h e rnesh p o i n t s c o n n e c t e d by t h e edge.
T h i s scheme r e d u c e s t o a c e n t r a l d i f f e r e n c e scheme on a C a r t e s i a n g r i d , and is s e c o n d o r d e r a c c u r a t e i f t h e mesh i s s u f f i c i e n t l y smooth. The scheme a s i t s t a n d s i s n o t r e s i s t a n t t o h i g h f r e q u e n c y o s c i l l a t i o n s between odd and e v e n mesh p o i n t s . D i s s i p a t i v e f l u x e s a r e added i n a c o n t r o l l e d manner t o t h i s s y s t e m of c o n s e r v a t i o n l a w s f o l l o w i n g t h e a p p r o a c h f o r a s c a l a r c o n s e rv a t i o n law [ s e e S e c t i o n 21.
With t h e a d d i t i o n of d i s s i p a t i v e t e r m s D i , j , t h e s e m i -d i s c r e t e e q u a t i o n s ( 1 2 ) t a k e t h e form
E x t e n s i o n of TVD Scheme t o a System of C o n s e r v a t i o n Laws
T h e r e a r e d i f f i c u l t i e s i n e x t e n d i n g t h e TVD scheme d e r i v e d f o r a s c a l a r c o n s e r v a t i o n law t o a s y s t e m of e q u a t i o n s and a l s o t o e q u a t i o n s i n more t h a n one s p a c e dimension.
F i r s t l y , t h e t o t a l v a r i a t i o n of t h e s o l u t i o n of a s y s t e m of h y p e r b o l i c e q u a t i o n s may i n c r e a s e .
S e c o n d l y , i t h a s been shown by Goodman and Leveque t h a t a TVD scheme i n two s p a c e d i m e n s i o n s i s no b e t t e r t h a n f i r s t o r d e r a c c u r a t e [ 1 8 ] .
F o r t h e s y s t e m of c o n s e r v a t i o n l a w s u n d e r cons i d e r a t i o n , t h e d i s s i p a t i v e f l u x e s a r e c o n s t r u c t e d s u c h t h a t t h e scheme i s TVD f o r t h e " l o c a l l y f r oz e n " c o n s t a n t c o e f f i c i e n t system. The TVD scheme of S e c t i o n 2 i s a p p l i e d i n s c a l a r form t o e a c h c h a r a c t e r i s t i c f i e l d . F o r t h i s p u r p o s e f o l l o w i n g Roe [ I l l one c a n i n t r o d u c e a m a t r i x w i t h t h e p r o p e r t y t h a t Ci+l/2,j(Wi+l,j-Wi, j ) = Ay(f i + 1
Thus C c o r r e s p o n d s t o a mean v a l u e J a c o b i a n m a t r i x AY a f / a w -AX ag/aw.
Roe [ l l ] h a s c o n s t r u c t e d t h i s m a t r i x f o r t h e E u l e r e q u a t i o n s . However, f o r o u r a p p l i c a t i o n s we have t a k e n C i + l / 2 , j a s t h e J a c o b i a n m a t r i x e v a l u a t e d midway between t h e c e l l s i , j and i + l , j .
A l s o , C i + l / 2 , j c a n be e x p r e s s e d a s where T i s a m a t r i x c o n t a i n i n g t h e e i g e n v e c t o r s of C a s i t s columns, and A i s a d i a g o n a l m a t r i x cont a i n i n g t h e e i g e n v a l u e s of C.
The
The d i s s i p a t i v e f l u x e s a r e f i n a l l y recombined t o f orrn d i s s i p a t i v e f l u x e s i n t h e o r i g i n a l v a r i a b l e s .
5.
Time S t e p p i n g
--
A t h r e e s t a g e t i m e s t e p p i n g i s used where t h e d i s s i p a t i v e o p e r a t o r i s e v a l u a t e d o n l y i n t h e f i r s t 2 s t a g e s .
S i n c e t h e mesh moves s y n c h r o n o u s l y w i t h t h e o s c i l l a t i n g a i r f o i l , t h e c e l l a r e a S i i s c o n s t a n t and e q u a t i o n ( 1 4 ) may be w r i t t e n a s d W . .
We t h e n advance i n t i m e by t h e scheme
The a l l o w a b l e C o u r a n t number i s t h e n 1.75.
The v a l u e s f o r t h e c o e f f i c i e n t s were a r r i v e d a t by cons i d e r i n g t h e s c a l a r e q u a t i o n :
U s i n g upwind d i f f e r e n c i n g i n s p a c e and a p p l y i n g t h e 3 s t a g e Runge-Kutta Scheme,
,"
i i where X = At/Ax.
We 01im;nate e a c h s t a g e s u c c e s s i v e l y r e s u l t i n g i r a n e q u a t i o n of t h e form 
i s t h e v e l o c i t y of t h e f l u i d , n i s t h e u n i t normal t o t h e moving s u r f a c e and V n i s t h e v e l o c i t y component of t h e moving s u r f a c e i n t h e normal d i r e c t i o n . The p r e s s u r e on t h e body s u r f a c e i s o b t a i n e d by a l i n e a r e x t r a p o l a t i o n of p r e s s u r e s c a l c u l a t e d i n t h e n e i g h b o u r i n g c e l l s . A l t h o u g h i t i s p o s s i b l e t o a r r i v e a t an e x p r e s s i o n f o r t h e normal d e r i v a t i v e of p r e s s u r e a t t h e a i r f o i l s u r f a c e ,
[ s e e 41 t h e r e s u l t a n t e q u a t i o n is d i f f i c u l t t o implement.
No e x p l i c i t K u t t a c o n d i t i o n is s p e c i f i e d . I n t h e f a r f i e l d we u s e n o n r e f l e c t i n g boundary cond i t i o n s based on t h e work of Hedstrom, who h a s d e v e l o p e d t h e c o n d i t i o n s f o r a s y s t e m of h y p e r b o l i c c o n s e r v a t i o n laws i n one s p a c e d i m e n s i o n [ 1 9 ] . Hedstrom i d e n t i f i e s t h e waves t h a t l e a v e t h e bound a r y and r e q u i r e s t h a t t h e s o l u t i o n b e l o n g t o t h e m a n i f o l d g e n e r a t e d by t h e c o r r e s p o n d i n g s o l u t i o n c u r v e s . The e x t e n s i o n t o two d i m e n s i o n s i s s t r a i g h t f o r w a r d i f we c o n s i d e r t h e f l o w l o c a l l y one d i m e n s i o n a l .
R e s u l t s
We f i r s t p r e s e n t t h e r e s u l t s o b t a i n e d f o r t h e i n v i s c i d B u r g e r s e q u a t i o n u s i n g t h e TVD scheme,
The s h o c k t r a v e l s t o t h e r i g h t a t a s p e e d 112. F i g u r e 2 shows t h e s o l u t i o n a t t i m e T > 0. The t i m e d e r i v a t i v e is a p p r o x i m a t e d w i t h foward d i ff e r e n c e s . T h e r e a r e no o s c i l l a t i o n s and t h e shock i s c a p t u r e d v e r y w e l l . F i g u r e 3 shows t h e s o l u t i o n o b t a i n e d u s i n g t h e t h r e e s t a g e Runge-Kutta scheme. Once a g a i n t h e s o l u t i o n o b t a i n e d i s q u i t e s a t i s f a ct o r y . Next, we c o n s i d e r t h e problem of i n t e r a c t i o n of two shocks. The i n i t i a l d a t a s p e c i f i e d is
f 3 XL < X < X M l ~(~9 0 ) = 1 XM1 < X < XM2 -2 X M~< X < X K T h
e r e a r e two s h o c k s t r a v e l l i n g t o t h e r i g h t a t s p e e d s of 2 and -1.5. A f t e r t h e s h o c k s meet, t h e y i n t e r a c t t o p r o d u c e one shock t r a v e l l i n g t o t h e r i g h t a t a s p e e d of .5. F i g u r e 4 shows t h e i n i t i a l c o n d i t i o n .
F i g u r e 5 shows t h e two s h o c k s j u s t b e f o r e i n t e r a c t i o n and F i g u r e 6 shows t h e s o l u t i o n j u s t a f t e r t h e i n t e r a c t i o n .
The s o l u t i o n i s s e e n t o be v e r y good.
The n e x t problem c o n s i d e r e d is t h e shock t u b e problem.
Here a d i a p h r a g m s e p a r a t e s two r e g i o n s which have d i f f e r e n t d e n s i t i e s and p r e s s u r e s .
At t i m e t > O t h e diaphragm i s broken.
We t h e n have a s h o c k wave t r a v e l l i n g t o t h e r i g h t , a n e x p a n s i o n f a n t o t h e l e f t s e p a r a t e d by c o n t a c t d i s c o n t i n u i t y a c r o s s which t e m p e r a t u r e and d e n s i t y change.
F i g u r e s 7 a-d i n d i c a t e t h e r e s u l t s u s i n g t h e TVD scheme. The shock i s c a p t u r e d v e r y w e l l w h i l e t h e c o n t a c t d i s c o n t i n u i t y i s smeared. However, t h e a r t i f i c i a l c o m p r e s s i o n method c a n be used t o s t e e p e n up t h e c o n t a c t d i s c o n t i n u i t y .
The s o l i d l i n e s i n F i g . 7 r e p r e s e n t t h e e x a c t s o l u t i o n .
The r e s u l t s f o r t h e o s c i l l a t i n g a i r f o i l a r e shown i n F i g u r e s 8-18. The a i r f o i l i s i n s i n us o i d a l motion a b o u t i t s q u a r t e r chord.
The motion i s governed by t h e e q u a t i o n ao, t h e a m p l i t u d e of o s c i l l a t i o n i s t a k e n a s 50, and t h e r e d u c e d f r e q u e n c y k = wc/2V, i s 1.0. Here w i s t h e f r e q u e n c y of o s c i l l a t i o n , c i s t h e c h o r d and V, i s t h e f r e e s t r e a m v e l o c i t y .
F i g u r e 8 shows t h e a i r f o i l and t h e g r i d u s e d , which is a 192x32 C mesh.
The mesh i s g e n e r a t e d by means of a s q u a r e r o o t t r a n s f o r m a t i o n and i s t h e n s e l e c t i v e l y s t r e t c h e d t o compress t h e g r i d n e a r t h e t r a i l i n g edge.
I t i s found t h a t a b o u t 4 p h y s i c a l c y c l e s a r e r e q u i r e d f o r t h e t r a n s i e n t e f f e c t s t o d i e o u t and t h e f l o w t o become p e r i o d i c . F i g u r e s 9 a-.g show t h e p r e s s u r e p r o f i l e s on t h e s u r f a c e of t h e a i r f o i l d u r i n g t h e 4 t h c y c l e of motion a t i n t e r v a l s of 600. The s h o c k s a r e c a p t u r e d v e r y w e l l w i t h j u s t one i n t e r i o r p o i n t .
A jump i s p r e s s u r e o b s e r v e d n e a r t h e t r a i l i n g edge. T h i s h a s a l s o been o b s e r v e d e x p e r i m e n t a l l y by S a t h y a n a r a y a n a and Davis [20] .
T h i s p r e s s u r e jump h a s a c e r t a i n f r e q u e n c y and a m p l i t u d e .
F i g u r e 10 d e p i c t s t h e v a r i a t i o n of l i f t c o e f f i c i e n t CL as a f u n c t i o n of t i m e d u r i n g t h e 4 t h c y c l e and F i g u r e 11 shows t h e v a r i a t i o n of moment c o e f f i c i e n t CM. F i n a l l y , t h e o s c i l l a t i n g a i r f o i l problem is s o l v e d u s i n g t h e f i n i t e volume scheme w
The a d v a n t a g e of t h i s scheme i s t h a t i t is e f f lc i e n t and t a k e s l e s s t h a n 112 t h e t i m e r e q u i r e d t o compute s o l u t i o n u s i n g t h e TVD scheme. A l s o , t h i s scheme a l l o w s t h e u s e of i m p l i c i t r e s i d u a l a v e r a g i n g . T h i s e n a b l e s a l a r g e r t i m e s t e p t o be t a k e n b e c a u s e of t h e i n c r e a s e d s u p p o r t f o r t h e scheme .
C o n c l u s i o n s
A s e m i -d i s c r e t e t o t a l v a r i a t i o n d i m i n i s h i n g scheme h a s been a p p l i e d t o a v a r i e t y of one dimens i o n a l u n s t e a d y problems and a s i n u s o i d a l l y p i t c h i n g a i r f o i l .
A t h r e e s t a g e Runge K u t t a scheme w i t h two e v a l u a t i o n s of d i s s i p a t i o n i s employed. The s o l u t i o n s o b t a i n e d f o r t h e one d i m e n s i o n a l problems a g r e e v e r y w e l l w i t h t h e t h e o r y , and a r e f r e e of n u m e r i c a l o s c i l l a t i o n s .
I n t h e c a s e of t h e o s c i l l a t i n g a i r f o i l , t h e s h o c k s a r e c a p t u r e d v e r y w e l l .
R e s u l t s a r e p r e s e n t e d f o r a reduced f r equency k = 1.0.
The TVD scheme is w e l l s u i t e d f o r u n s t e a d y problems, p r o v i d i n g v e r y s h a r p r e s o l u t i o n o f shock waves.
On t h e o t h e r hand, a c e n t r a l d i ff e r e n c e scheme augmented by a c a r e f u l b l e n d of d i s s i p a t i v e terms c o n s t r u c t e d from second and f o u r t h d i f f e r e n c e s g i v e s r e a s o n a b l y a c c u r a t e r e s u l t s w i t h l e s s e x p e n s i v e c o m p u t a t i o n s .
The f i n i t e volume f o r m u l a t i o n a l l o w s a v e r y n e a t e x t e n s i o n t o t h e t r e a t m e n t of a r b i t r a r y movement and d e f o r m a t i o n of t h e mesh. While a r i g i d mesh moving w i t h t h e a i r f o i l was used i n t h e s e c a l c u l a t i o n s , t h e r e would be no d i f f i c u l t y i n i n t r o d u c i n g a d e f o r m a b l e mesh.
Thus i t w i l l be p o s s i b l e t o t r e a t t h r e e d i m e n s i o n a l f l o w s w i t h wing f l e x i n g f o r f l u t t e r a n a l y s i s .
The method, e i t h e r w i t h o r w i t h o u t t h e TVD o p t i o n , a l l o w s complete v e c t o r i z a t i o n , and a l s o d i s t r i b u t i o n t o m u l t i p l e p a r a l l e l p r o c e s s o r s .
Thus we a n t i c i p a t e t h a t w i t h t h e new g e n e r a t i o n of s u p e r c o m p u t e r s t h r e e dimens i o n a l u n s t e a d y f l o w s i m u l a t i o n s w i l l be e n t i r e l y f e a s i b l e . REFERENCES B a l l h a u s , W.F. and P.M. G o o r j i a n , " I m p l i c i t F i n i t e D i f f e r e n c e Computations of Unsteady T r a n s o n i c Flows about A i r f o i l s , I n c l u d i n g t h e T r e a t m e n t of I r r e g u l a r Shock Wave Motions", AIAA J. 15, 1977 AIAA J. 15, , pp. 1728 AIAA J. 15, -1735 Magnus, R. and H. Y o s h i h a r a , "Unsteady T r a s o n i c Flows Over a n A i r f o i l " , AIAA J . , 13, 1975, pp. 1622-1628 . L e r a t , A. and J. S i d e s , "Numerical S i m u l a t i o n of Unsteady T r a n s o n i c Flows Using t h e E u l e r E q u a t i o n s i n I n t e g r a l Form", I s r a e l J o u r n a l of Technology, 17, 1979, pp. 302-310. S t e g e r , J.L., " I m p l i c i t F i n i t e D i f f e r e n c e S i m u l a t i o n of Flow a b o u t A r b i t r a r y Two-Dimensional G e o m e t r i e s " , A I M J., 16, 1978, pp. 679-686. Lax, P.D., " H y p e r b o l i c Systems of C o n s e r v a t i v e Laws and t h e M a t h e m a t i c a l Theory of Shock Waves", SIAM r e g i o n a l s e r i e s on Applied M a t h e m a t i c s , 11, 1973. H a r t e n , A., "High R e s o l u t i o n Schemes f o r H y p e r b o l i c C o n s e r v a t i v e Laws", New York U n i v e r s i t y R e p o r t , DOE/ER 1982 .
H a r t e n , A . , "On a C l a s s of High R e s o l u t i o n T o t a l -V a r i a t i o n -S t a b l e F i n i t e D i f f e r e n c e Schemes", SIAM J. Numer. Anal., Vol. 21, No. 1 , Feb. ' 8 4 , pp. 1-23.
Jameson, A., " T r a n s o n i c Flow C a l c u l a t i o n s " , P r i n c e t o n U n i v e r s i t y R e p o r t , MAE 1651, 1984.
Van L e e r , B., "Towards t h e U l t i m a t e C o n s e r v a t i v e D i f f e r e n c e Scheme, 11. M o n o t o n i c i t y and C o n s e r v a t i o n Combined i n a Second O r d e r Scheme", J. Computational P h y s i c s , 14, 1974, pp. 361-370.
Roe, P.L., "The Use of t h e Riemann Problem i n F i n i t e D i f f e r e n c e Schemes", Proc. 7 t h I n t e r n a t i o n a l C o n f e r e n c e on Numerical Methods i n F l u i d Dynamics, S t a n f o r d 1980, e d i t e d by W.C. Reynolds and R.W. MacCormack, S p r i n g e r , 1981, pp. 354-359.
Koe, P.L., "Approximate Riemann S o l v e r s , P a r a m e t e r V e c t o r s , and D i f f e r e n c e Schemes", J. Computational P h y s i c s , 43, 1981, pp. 357-372. Osher, S., "Riemann S o l v e r s , t h e Entropy C o n d i t i o n , and D i f f e r e n c e Approximations", SIAM 3 . Numer. Anal., Vol. 21, No. 2, A p r i l 1984, pp. 217-235.
Osher, S. and Chakvavarthy, S., "High R e s o l u t i o n Schemes and t h e Entropy C o n d i t i o n " , ICASE Report NASA CR 172218. Sweby, P.K., "High R e s o l u t i o n Schemes Using F l u x L i m i t e r s f o r H y p e r b o l i c C o n s e r v a t i o n Laws", SIAM J. Numer. Anal., Vol. 21, No. 5 , pp. 995-1011 , October 1984 15. Jameson, A. and Lax, P.D., " C o n d i t i o n s f o r t h e C o n s t r u c t i o n of M u l t i -p o i n t T o t a l V a r i a t i o n D i m i n i s h i n g D i f f e r e n c e Schemes", MAE Report 11650, P r i n c e t o n U n i v e r s i t y , 1984.
16. Jameson, A . , "A Non-Oscillatory Shock C a p t u r i n g Scheme Using F l u x L i m i t e d D i s s i p a t i o n " , MAE R e p o r t 11653, P r i n c e t o n U n i v e r s i t y , 1984.
17. Jameson, A., Schmidt, W., and T u r k e l , E., "Numerical S o l u t i o n s of t h e E u l e r E q u a t i o n s by F i n i t e Volume Methods Using Runge K u t t a Time S t e p p i n g Schemes", A I M Paper 81-1259, J u n e 1981.
18. Goodman, J.B. and Leveque, R.J., "On t h e Accuracy of S t a b l e Schemes f o r 2-D S c a l a r C o n s e r v a t i o n Laws", t o a p p e a r i n Math. Comp.
19. Hedstorm, G.W., " N o n r e f l e c t i n g Boundary C o n d i t i o n s f o r N o n l i n e a r H y p e r b o l i c Systems", J o u r n a l of C o m p u t a t i o n a l P h y s i c s 3 0 , pp. 222-237, 1979. 20. S a t h y a n a r a y a n a , B., and D a v i s , S., " E x p e r i m e n t a l S t u d i e s of Unsteady T r a i l i n g -E d g e C o n d i t i o n s " , AIAA J o u r n a l , Vol. 16, No. 2 , F e b r u a r y 1978.
21. Jameson, A. and Baker, T.J., " S o l u t i o n of t h e E u l e r E q u a t i o n s f o r Complex C o n f i g u r a t i o n s " , Proc. AIAA 6 t h C o m p u t a t i o n a l F l u i d Dynamics C o n f e r e n c e , Danvers, 1983, pp. 293-302. F i g u r e 1 A t y p i c a l c e l l i n t h e q u a d r i l a t e r a l g r i d . F i g u r e 1 2 ( c ) F i g u r e 12 a-c P r e s s u r e j i v f i l e s a t v a r i o u s s t a g e s d u r i n g t i l e 4 t h c y c l e o f s i n u s o i d a l l y o s c i l l a t i n g motion.
